The specificity and dose dependence of the synergistic effects of soybean intake with iodine deficiency on the induction of thyroid proliferation were investigated in female F344 rats. In the first experiment, rats were divided into 6 groups, each consisting of 5 animals, and fed a basal diet containing 20% gluten, an iodine-deficient basal diet alone or an iodine-deficient diet containing 0.2%, 1.0%, 5.0% or 25% defatted soybean for 5 weeks. Soybean feeding synergistically induced thyroid hyperplasias with iodine deficiency only at the 25% dose. In the second experiment, rats were also divided into 6 groups, each consisting of 5 animals, and fed a basal diet, a diet containing 20% defatted soybean, 0.025% sulfadimethoxine (SDM), 20% defatted soybean + + + +0.025% SDM, 0.05% phenobarbital (PB) or 20% defatted soybean + + + +0.05% PB for 5 weeks. The SDM treatments significantly (P < < < <0.05-0.01) increased the thyroid weights, but this increase rate was less prominent in the SDM + + + +soybean group than in the SDM alone group. The PB treatment was also associated with a tendency for increase in thyroid weight, but again this was smaller in the PB + + + +soybean group than in the PB alone group. Although the SDM or PB treatments reduced the serum triiodothyronine and thyroxine levels and consequently increased the serum thyroid-stimulating hormone (TSH) levels, the soybean feeding did not affect or rather attenuated these changes. Our results clearly indicate that soybean feeding does not synergistically enhance the effects of SDM or PB on the rat thyroid. Thus it can be concluded that soybean intake specifically interacts with iodine deficiency in induction of thyroid proliferative lesions in rats, only at high doses.
Synergistic Effects of High-dose Soybean Intake with Iodine Deficiency, but Not Sulfadimethoxine or Phenobarbital, on Rat Thyroid Proliferation
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Thyroid enlargement due to excessive soybean feeding especially in children and women has been known from epidemiological studies for almost half a century. [1] [2] [3] It has been also reported that addition of iodine supplements to commercial soy formulas in the 1960s eliminated the prevalence of hypothyroidism in soy-fed infants. 4) Experimentally, several investigators have also reported the induction of goiters in iodine-deficient rats maintained on a soybean diet. 5, 6) Iodine deficiency is a well-known factor predisposing to thyroid hyperplasias and subsequently thyroid tumors, the mechanism being interpreted as stimulation of follicular cells by increased serum thyroid-stimulating hormone (TSH) following a reduction of thyroid hormone synthesis. 7) However, the physiological changes underlying the goitrogenic activity of soybean protein in excess and the synergism with iodine deficiency have not been fully elucidated, although we recently found that dietary soybean may primarily stimulate serum TSH release from the pituitary of rats. 8) It is well known that there are different mechanisms whereby chemicals may promote development of thyroid tumors in rodents. For example, sulfadimethoxine (SDM) inhibits thyroid hormone synthesis by inhibiting thyroid peroxidase (TPO) 9) and phenobarbital (PB) induces hepatic microsomal enzymes such as thyroxine (T 4 )-uridine disphosphate glucuronosyl transferase (T 4 -UDP-GT) responsible for T 4 clearance in the liver. 9, 10) In both cases, subsequent increase in serum TSH stimulates thyroid follicular cell proliferation. In the present study, the possible synergistic effects of soybean feeding with SDM or PB were investigated in rats. Because it remains unclear whether low doses of soybean can exert any synergistic effects with iodine deficiency, multiple dose levels of soybean were also tested in combination with iodine deficiency with reference to induction of thyroid hyperplasia in rats.
MATERIALS AND METHODS
Animals, chemicals and diet Female 5-week-old specific-pathogen-free F344/DuCrj rats (Charles River Japan Inc., Kanagawa) were maintained in aluminum cages in an air-conditioned room (barrier system) at a temperature of 23±2°C and a relative humidity of 60±5% under a daily cycle of alternating 12 h periods of light and darkness.
The animals were given ion-exchanged water ad libitum. Sodium SDM and sodium PB were respectively purchased from Sigma Chemical Co. (St. Louis, MO) and Iwaki Seiyaku Co., Ltd. (Tokyo). Casein was replaced with gluten or defatted soybean flour as an alternative protein source in the AIN-93G diet (Oriental Yeast Co., Ltd., Tokyo) in order to avoid possible contamination with iodine contained in casein sources.
11)
Experimental design After a 1-week acclimatization period, in experiment I, rats were divided into 6 groups, each consisting of 5 animals, and fed AIN-93G diet with 20% gluten (group I-1), iodine-deficient diet with 20% gluten (group I-2) or iodine-deficient diet with 0.2%, 1.0%, 5.0% or 25% defatted soybean (groups I-3, -4, -5 or -6) for 5 weeks (Fig. 1) . In experiment II, rats were also divided into 6 groups, each consisting of 5 animals. SDM was administered in their drinking water and PB was supplemented into the diet. They were respectively fed AIN-93G diet of 20% gluten (group II-1), 20% defatted soybean (group II-2), 20% gluten+0.025% SDM (group II-3), 20% defatted soybean+0.025% SDM (group II-4), 20% gluten+0.05% PB (group II-5) or 20% defatted soybean+0.05% PB (group II-6) for 5 weeks (Fig. 1) . At week 5, all rats were sacrificed under ether anesthesia. Blood was collected from the aorta. At autopsy, major organs including the thyroid and pituitary were carefully examined macroscopically. They were weighed and fixed in 10% phosphate-buffered formalin, and sections stained with hematoxylin and eosin (H-E) were routinely prepared. For hormone analysis, serum triiodothyronine (T 3 ) and T 4 were measured with a radioimmunoassay Riabead kit (Dainabot, Tokyo) and serum TSH with a rat TSH kit (Amersham Life Science, Buckinghamshire, UK). Statistical analysis Variances of data for body and organ weights, and serum hormones were assessed for homogeneity by Bartlett's procedure. If the variance was homogeneous, the data were examined by one-way analysis of variance (ANOVA) with Student's t test multiple comparison procedures. If not homogeneous, they were analyzed by means of the Kruskal-Wallis test followed by the Mann-Whitney U test.
RESULTS
No animals died during the experimental period. In experiment I, average body weights were increased in a dose-dependent manner by soybean intake in all the iodine deficiency groups, the difference being significant (P<0.05) in those given 1% soybean or more (Table I) . Relative thyroid weights (mg/100 g b.w.) were more than twice as high in groups I-2 (16.6±3.6), I-3 (18.2±2.0), I-4 (15.5±1.5), I-5 (16.1±1.2) and I-6 (43.3±8.5) than in group I-1 (7.4±1.3). The increase was 6-fold in group I-6 (Table I) . Absolute pituitary weights (mg) were significantly (P<0.01) higher in group I-6 (8.40±1.52) than in group I-2 (5.60±0.89). Table II shows serum hormone data for experiment I. Serum T 3 levels were not affected by the treatments. Serum T 4 levels (µg/dl) were significantly (P<0.001) decreased in groups I-2 (2.90±0.34), I-3 (2.76±0.22), I-4 , iodine-deficient diet; , soybean diet; , basal diet; , sacrifice.
(2.68±0.31), I-5 (2.50±0.46) and I-6 (1.81±0.13) as compared to the group I-1 value (5.74±0.46), and also were significantly (P<0.001) lower in group I-6 than in group I-2. In contrast, serum TSH (ng/ml) levels were significantly (P<0.05) increased in the iodine-deficient groups I-2, I-3, I-4, I-5 and I-6 as compared to the group I-1 value (5.2±0.6), being significantly (P<0.01) higher in group I-6 (45.5±18.6) than in group I-2 (7.3±1.3).
Histopathologically, the most prominent lesion, observed only in the thyroid of group I-6, was marked diffuse follicular hyperplasias almost lacking colloid, indicating synergism of high-dose soybean intake with iodine deficiency. Although mild hypertrophy of follicular cells and slightly decreased colloid due to iodine deficiency were observed in the thyroids of groups I-2, I-3, I-4 and I-5, there were no significant intergroup differences.
In experiment II, final body weights were significantly (P<0.001) increased by the 20% soybean diet, regardless of SDM or PB treatment. In the SDM-treated groups, relative thyroid weights (mg/100 g b.w.) were significantly (P<0.05) increased in groups II-3 (29.8±4.2) and II-4 (21.6±4.0) over groups II-1 (12.1±4.2) and II-2 (13.6± 3.2), but the increase rate was rather lower in group II-4 (SDM+soybean) than in group II-3 (SDM alone) (Table  III) . Similarly, the PB-treated groups (groups II-5 and II-6) also showed a tendency for increase in thyroid weight, but again this was smaller in group II-6 (PB+soybean) than in group II-5 (PB alone), the level in the former Table IV shows serum biochemical data for experiment II. Serum T 3 (ng/ml) levels were significantly (P<0.01) lower in groups II-3 (0.82±0.04) and II-5 (0.74±0.09) than in group II-1 (0.98±0.08), and also significantly (P<0.01) lower in group II-6 (0.84±0.05) than in group II-2 (1.06±0.05). Serum T 4 (µg/dl) levels were significantly (P<0.001) lower in groups II-3 (3.82±0.38) and II-6 (4.42±0.37) than in groups II-1 (4.92±0.42) and II-2 (5.66±0.55), respectively. In contrast, serum T 4 (µg/dl) levels were significantly (P<0.05) higher in groups II-2 (5.66±0.55) and II-4 (5.38±0.36) than in groups II-1 (4.92±0.42) and II-3 (3.82±0.38), respectively. Serum TSH levels (ng/ml) were significantly (P<0.05) higher in groups II-2 (5.46±0.51), II-3 (8.32±2.10) and II-5 (9.02±2.90) than in group II-1 (4.70±0.39), and also significantly (P<0.05) higher in groups II-4 (7.52±1.41) and II-6 (7.32±2.13) than in group II-2. Histopathologically, in the thyroids of groups II-3 and II-4, moderate hyperplasia with increase in follicular cell height and decrease in colloid accumulation was observed, there being no apparent intergroup differences. In the thyroids of groups II-5 and II-6, mild hyperplasia with decrease in colloid accumulation in small-sized follicles was found, there being again no intergroup differences. In the liver, fatty changes of hepatocytes were seen in groups II-5 and II-6, being especially marked in the latter.
DISCUSSION
Very recently, we have reported that a high intake (20%) of soybean dramatically and synergistically increases the development of thyroid follicular hyperplasias in rats in combination with iodine deficiency. 8) In the present study, the dose response of the synergistic effects of soybean with iodine deficiency on rat thyroid follicular cell proliferation was examined. As a result, thyroid hyperplasia was only induced at the highest dose (25%) of soybean, suggesting the existence of a threshold. This is extremely important in the risk assessment of soy product consumption, especially in countries or areas of iodine deficiency, 12) regardless of the species differences between human and rodents, the latter being much more susceptible to thyroid tumorigenesis. 13) There are two basic mechanisms whereby chemicals produce thyroid gland tumors in rodents. One, classified as genotoxic, involves direct carcinogenic effects at the DNA level in follicular cells. The other, non-genotoxic, involves the so-called negative feedback system of the thyroid-pituitary-hypothalamus in which decreased circulating T 3 or T 4 levels due to disruption of thyroid function or accelerated turnover lead to increased TSH, and prolonged stimulation of follicular epithelium by TSH. 9, 14, 15) Many non-genotoxic factors may contribute to decreases in circulating thyroid hormone levels, through inhibition of iodine transport into the thyroid, iodine oxidation or organification defect due to inhibition of TPO, inhibition of thyroid hormone secretion or increased hormone inactivation by hepatic microsomal enzymes such as T 4 -UDP-GT. 9, 15) SDM exerts a goitrogenic effect by inhibition of TPO, which catalyzes a reaction essential to thyroid hormone synthesis, 9) resulting in marked decreases in circulating T 3 and T 4 , increase in TSH 15) and consequent induction of thyroid follicular hyperplasias in rats. 15, 16) PB has also been reported to be a thyroid tumor promoter, as shown in a rat initiation-promotion model. 17) PB is a well-known microsomal enzyme inducer that increases UDP-GT, a rate-limiting enzyme in T 4 metabolism 10) as well as a spectrum of cytochrome P-450 isoenzymes. 17) Therefore, it has been concluded that its thyroid tumor promotion is mediated by increase of TSH secretion from the pituitary as a result of the increase of T 4 excretion into the bile by hepatic microsomal enzymes. 10) In the present study, SDM or PB treatment in fact reduced serum T 3 and T 4 levels, and consequently increased serum TSH levels, although co-administration with soybean did not synergistically enhance but rather attenuated their induction of changes in the thyroid. Therefore, it is likely that excess soybean specifically interacts with iodine deficiency but not with SDM or PB. The different modes of action of those thyroid tumor-promoters must be related to the different interactions with soybean.
Iodine-deficient diets produce enlargement of the thyroid, increase in monoiodotyrosine/diiodotyrosine, and progressive increase in the T 3 /T 4 molar ratio 18) (T 3 , containing only 75% as much iodine as T 4 , has 10 times its affinity for thyroid hormone receptors in target cells and correspondingly greater hormonal activity 19) ). Sustained decrease in intracellular iodine concentration 20) due to dietary iodine deficiency inhibits thyroglobulin hydrolysis, 21) its own organic binding for hydrogen peroxide production, 22) or generation of cyclic AMP. 23) An increase in the uptake of 131 I by the thyroid has been demonstrated in an infant on a soy diet. 1) Furthermore, high intake of soy diets in cattle induces goiter via an increased iodine requirement after T 4 depletion through fecal wastage. 24) In the present study, although iodine deficiency alone reduced serum T 4 levels and increased TSH levels, the latter was affected by excess soybean, with a tendency for increase in serum T 4 , as demonstrated in our previous study. 8) These results may suggest primary stimulation of TSH release from the pituitary of rats under certain conditions. 8) It has been shown that isoflavones, a major active component of soy, inhibit TPO reaction. 25) Involvement of phytoestrogenic activity and indirect action through effects on liver function could also play a role in the induction of thyroid proliferative lesions by soybean diet in rats. 8) Because in the present study the SDM or PB treatment in fact reduced serum T 3 and T 4 and increased TSH levels, but soybean rather attenuated these changes, it is likely that excess soybean intake may induce thyroid proliferation by acting through different pathways, with a possible contribution of the pituitary and/or hypothalamus.
In conclusion, our results clearly indicate that excess soybean intake exerts synergistic effects specifically with iodine deficiency on the development of thyroid hyperplasia in rats, but only at extremely high doses.
